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EDITORIAL REVIEW
Mitochondrial transport functions and renal metabolism
Mitochondria are ubiquitous subcellular organelles which are
the site of oxidative phosphorylation and electron transport.
Cells of the proximal convoluted tubules, which make up the
majority of the cell mass of renal cortex, contain a high density
of mitochondria. Electron photomicrographs have shown a
regular array of mitochondria lined up along the basement
membrane with long interdigitations of plasma membrane be-
tween them [11. In recent years properties of mitochondrial
transport systems have been defined which suggest that these
systems play an important role in metabolic regulation in the
kidney. In this review we will discuss certain general properties
of the mitochondrial inner membrane and then provide specific
examples of the possible role of this structure in regulating renal
metabolism.
General properties of mitochondrial membranes
Mitochondrial compartmentation and permeability. Mito-
chondria are enclosed by two membranes, designated outer and
inner. The outer membrane is relatively permeable to molecules
with a molecular weight of 3000 daltons or less. In contrast, the
inner membrane is impermeable even to very small molecules
and ions. The inner membrane, which is highly convoluted, is
involved intimately in the processes of electron transport and
oxidative phosphorylation. The flavoprotein and cytochrome
series of enzymes are located in this membrane with an
orientation such that NADH generated inside but not outside
this membrane has access to flavin-containing NADH dehy-
drogenase, which initiates the process of electron transport.
The enzymes responsible for citric acid cycle and related
reactions are located in the matrix space enclosed by the inner
membrane. The inner membrane thus imposes a barrier be-
tween metabolites, such as pyruvate, which are generated in
the cytoplasm and the machinery for final oxidative
metabolism.
The composition of the inner membrane is that of a phospho-
lipid bilayer. This composition underlies the permeability prop-
erties of this membrane which have assumed increasing impor-
tance in understanding mitochondrial function [2, 31. In general,
hydrophobic, lipid soluble molecules penetrate the inner mem-
brane readily but polar, lipophobic molecules cannot do so by
passive movement. Small, uncharged molecules such as ammo-
nia and carbon dioxide readily cross the inner membrane, as do
the un-ionized form of weak acids such as acetic acid. Howev-
er, due to their ionized character the anions of such acids
cannot passively diffuse across the inner membrane, which
normally is impermeable even to H and K.
pH gradient in mitochondria. For many years biochemists
have sought to define the link by which energy is transferred
from the electron transport chain to ATP. Initially, a specific
enzymatic reaction which would provide a simple connection
between these two systems was sought without success. Cur
rently, the chemiosmotic hypothesis proposed by Peter Mitch-
ell provides the most satisfactory explanation for this energy
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transfer. According to the chemiosmotic theory the basic step
in initiating energy transfer in mitochondria is the separation of
H and OH- across the mitochondrial membrane during elec-
tron transport [4, 51. The inner mitochondrial membrane has the
ability to pump H actively out of the matrix and into the
cytoplasm, establishing a gradient of H between the exterior
and interior of mitochondria. Just as pumping water uphill
establishes a potential gradient which can be used to generate
energy for other purposes, the formation of a H gradient
provides an energy gradient which can be coupled to metabo-
lism for the synthesis of ATP and other purposes. The cyto-
chromes and related compounds of the electron transport chain
are involved in the process of H transfer.
Active pumping of H across the inner membrane establishes
an electrochemical force, termed the protonmotive force, which
consists of two components. One component is the electrical
gradient provided by separation of positive and negative
charges. The second component consists of the force provided
by the pH difference across the inner membrane. Quantitative-
ly, the protonmotive force (p) in millivolts at 37° is defined by
the equation
= LVI' — 60 zpH (1)
where z'I' is the electrical potential difference across the
membrane and pH is the pH gradient. Measurements of M'
and pH indicate that the total protonmotive force across the
inner mitochondrial membrane may exceed —200 my [6]. Of
this the electrical gradient contributes the largest component,
pH being responsible for 60 my or less. Thus, the electron
transport chain transfers its energy to produce a powerful
driving force across the mitochondriaf membrane reflected in an
alkaline, negatively charged matrix space (Fig. 1).
The second major component of the chemiosmotic hypothe-
sis links the energy developed by the protonmotive force to the
synthesis of ATP which is accomplished by an ATPase in the
inner mitochondrial membrane. While the equilibrium estab-
lished by this enzyme is in the direction of ADP formation, thus
leading to the designation of the enzyme as an ATPase, the
reaction can be driven in the reverse direction to synthesize
ATP by supplying energy to it. The chemiosmotic hypothesis
visualizes the protonmotive force as the source of this energy.
The excess of protons outside of the mitochondria move across
the inner membrane into the matrix driving the ATPase to
synthesize ATP by picking up energy released as the proton
gradient is dissipated. The more impermeable the inner mem-
brane to H the more efficient the transfer of energy will be
from the proton gradient to the ATPase; if the ATPase is the
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Fig. 1. Development of prolonmotive force and its linkage to ATP synthesis according to the chemiosmolic hypothesis. A During the course of
NADH oxidation to H20, H is actively pumped out of mitochondria by components of the electron transport chain located in the inner
mitochondrial membrane. B As the result of separation of H and OH— across the inner membrane, a protonmotive force develops. This force
consists of a membrane potential with mitochondrial interior negative and a pH gradient with interior alkaline. C The protonmotive force provides
energy to drive a membrane ATPase to synthesize ATP from ADP and phosphate in the matrix.
only means by which H can move across the inner membrane
into the matrix, little of the protonmotive force will be wasted.
However, if other routes for inward movement of H are
available, energy transfer to ATP will be less effective. Uncou-
pling agents have long been known to block ATP synthesis
while stimulating mitochondrial substrate oxidation. These ef-
fects are explained by the chemiosmotic hypothesis as the
result of the ability of these agents to make the inner membrane
permeable to Ht For example, dinitrophenol is inserted into
the inner membrane and allows rapid penetration of Ht The
protoninotive force is thus destroyed, releasing the energy
normally available for ATP synthesis. Although the synthesis of
ATP consumes much of the energy available from the proton
gradient, this force may also be used for other purposes.
Of particular interest in this discussion is the function of the
pH gradient component of the protonmotive force. The magni-
tude of the force generated by pH is small compared to that
provided by the potential difference MI', probably contributing
only about 20% of the total protonmotive force. Nevertheless,
pH may play a special role in metabolic regulation by virtue of
its influence on the distribution of substrate anions across the
inner membrane.
Ample in vitro experimental evidence confirms the ability of
mitochondria to generate a pH gradient across the inner mem-
brane [7]. Under various experimental conditions, pH values
of 0.3 to as high as 3.0, interior alkaline, have been found in
liver mitochondria incubated with an energy source. It should
be noted that in these measurements nonbicarbonate buffers
were nearly always used and in other respects the conditions
often differed greatly from physiologic. This fact plus the great
range of values obtained makes it difficult to draw conclusions
from these measurements relevant to intact cells. Recent efforts
have been made to measure pH in intact hepatocytes. Using
two different techniques, the interior of mitochondria has been
found to be more alkaline than the cytoplasm [8, 91. These
findings in intact cells lend weight to the concept that a
significant H gradient exists under normal in vivo conditions
across the inner mitochondrial membrane.
Mitochondrial substrate transporters. Rapid movement of
substrates into and out of mitochondria must occur for normal
metabolic processes to proceed. Yet, as described above, the
inner mitochondrial membrane has very low passive permeabil-
ity to ionized substrate molecules. Carrier systems are required
to enable substrate molecules to move across the inner mem-
brane at the high rates necessary for efficient metabolism. Many
transport systems in the inner membrane have now been
characterized and, in a few cases, isolated [2, 3, 10, 11]. These
systems include separate transporters for groups of citric acid
cycle compounds, for phosphate and for adenine nucleotides.
Table 1 lists substrates with well defined inner membrane
carriers. In general these carriers are capable of very rapid
transfer of compounds across the inner membrane. Another
general property of these transporters is that they often trans-
port more than one closely related substrate. For instance, the
dicarboxylate transporter can transport malate, succinate, ma-
lonate, or phosphate and the tricarboxylate carrier reacts with
citrate, isocitrate, aconitate, or phosphoenolpyruvate. Often a
counter-ion is required for efficient transport of a substrate by
its carrier. The tricarboxylate carrier, for example, exchanges
citrate for malate across the inner membrane. The ability of
some carriers to exchange compounds of a differing degree of
ionization results in several types of charge transfer (Fig. 2).
When a malate ion exchanges for one of phosphate on the
dicarboxylate carrier, no charge transfer occurs; that is, the
doubly charged malate exchanges for an HP042 ion so that an
electrically neutral, or nonclectrogenic, transfer of anions oc-
Table 1. Mitochondrial substrates and their carriers
CarrierSubstrate
Glutamate
Glutamate
Aspartate
Glutamine
cr-Ketoglutarate
Pyruvate
Citrate
lsocitrate
Aconitate
Phosphoenolpyruvate
Malate
Malate
Malate
Succinate
Phosphate
Phosphate
Carnitine
Acylcarnitine
ATP
ADP
Glutamate-hydroxyl
Glutamate-aspartate
Glutamate-aspartate
Glutamine
a- Ketoglutarate
Pyruvate-hydroxyl
Tricarboxylate
Tricarboxylate
Tricarboxylate
Tricarboxy late
a-Ketoglutarate
Tricarboxylate
Dicarboxylate
Dicarboxylate
Dicarboxylate
Phosphate-hydroxyl
Carnitine
Carnitine
Adenine nucleotide
Adenine nucleotide
H 7
Malate 2 Citrate' f4.- Glutamatr
I HPO2 4 -4 Aspartate
6 OH
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Fig. 2. Types of mitochondrial substrate carriers. A Nonelectrogenic transport of malate2 in exchange for HP042; no net charge is transferred. B
Nonelectrogenic exchange of citrate3 for malate2 and OH—; no net charge is transferred. C Electrogenic exchange of glutamate' plus H for
aspartate; a net positive charge is transported in the direction of glutamate movement.
curs. In contrast, when glutamate exchanges with aspartate,
although both amino acids carry the same net charge, the
carrier transports a neutral glutamate molecule (that is, a
glutamate ion plus a hydrogen ion) in one direction and a
negatively charged aspartate ion in the opposite direction,
resulting in an electrogenic transport of a negative charge in the
direction of aspartate movement. Another type of nonelectro-
genic transport, termed proton-compensated, occurs when ci-
trate is exchanged for malate by the tricarboxylate carrier. Here
a triple-charged citrate ion is exchanged for a double-charged
malate; however, no net charge transfer occurs since either a
hydrogen ion is transported with the citrate molecule or a
hydroxyl ion accompanies malate.
As noted earlier, considerable evidence indicates that a pH
gradient develops across the inner mitochondrial membrane
during active metabolism. This gradient affects the movement
of small ionized substances into and out of the matrix space. In
the case of a limited number of small organic acids, such as
acetate and formate, the inner membrane is passively perme-
able to the un-ionized form of the acid whereas it is imperme-
able to the ionized form. This property of allowing rapid
diffusion of the un-ionized compound but excluding the ionized
moiety provides the conditions necessary for regulation of the
movement of such substances according to the principle of non-
ionic diffusion. That is, an increase in pH, making the interior
more alkaline, will cause accumulation of the weak acid anion
in the matrix and conversely a decrease in pH will reduce the
steady state levels of the anion inside mitochondria.
In the case of substrates for which specific carriers are
responsible for their movement across the inner membrane, the
conditions necessary for zpH to influence gradients by non-
ionic diffusion are not established. The entry of such substrates
into mitochondria can effectively be eliminated by the use of
appropriate inhibitors, such as benzene - 1, 2, 3 - tricarboxylate,
a potent inhibitor of the tricarboxylate carrier [121. Thus,
neither charged nor uncharged forms of weak acid substrates
can passively cross the inner membrane. Nevertheless modest
changes in pH do have marked effects on the distribution of
citric acid cycle and related substrates, causing changes in
anion distribution quite comparable in magnitude to those
expected if non-ionic diffusion was in fact responsible for the
changes [10, 13, 14]. The carriers themselves must, therefore,
be influenced by pH in such a manner as to result in higher
rates of transport of their substrates in a direction of greater
alkalinity. Thus variation in pH, by influencing substrate
movement into and out of mitochondria, has the potential to
function as a powerful determinant of the rate of substrate
metabolism in intact cells.
The closely modulated metabolic interactions of ATP, ADP,
and phosphate are of fundamental importance to the control of
cell energy supply. The mitochondrial transport of these sub-
stances affords possible sites at which this modulation may be
applied. The adenine nucleotide transporter has been studied
and characterized more extensively than any other mitochon-
drial transporter, particularly through work by Klingenberg [2,
3] and Vignais [15]. The fine control of adenine nucleotide
transport is thought by some to constitute the rate-limiting
process in oxidative phosphorylation [16].
Two carriers exist for phosphate, neither of which is believed
to be directly coupled to the adenine nucleotide transporter [17,
18]. In one, phosphate is exchanged in an electroneutral manner
for a hydroxyl ion; presumably this carrier transports monova-
lent phosphate. The second phosphate transporter is the dicar-
boxylate carrier, which exchanges phosphate with malate or
succinate. This also is a nonelectrogenic system involving
divalent phosphate. The two phosphate carriers can be inhibit-
ed selectively, using sulfhydryl agents such as N-ethylmaleim-
ide to inhibit the phosphate-hydroxyl carrier and butylmalonate
to block the dicarboxylate transporter. Since malate is a
counter-ion for several other substrate carriers (Table 1), phos-
phate, by influencing malate transport, can secondarily influ-
ence movement of a wide range of substrates. Thus phosphate
transport has the potential to serve as a key regulator of
substrate metabolism in the intact cell. A role for phosphate in
the kidney in regulating ammoniagenesis in the rabbit has been
suggested. In this species efflux of the carbon skeleton of
glutamate from the mitochondrial matrix has been shown to be
determined by the activity of the malate-phosphate carrier [19,
20]. In addition evidence is developing linking inner membrane
phosphate transport, through its effects on mitochondrial sub-
strate transport, to solute and fluid reabsorption in the nephron
[21, 22].
Previously in this review the impermeability of the inner
membrane to small molecules of metabolic importance was
noted. Another example of the problems posed by this imper-
meability is the transfer of NADH into and out of mitochondria.
When glucose is metabolized in the cytoplasm to pyruvate,
NADH is generated. For ultimate oxidation of this NADH by
the electron transport chain, NADH must appear in the matrix
space. Conversely, for cytoplasmic gluconeogenesis to occur,
NADH formed in mitochondria must become available in the
cytoplasm. However, the inner membrane is impermeable to
NADH. Movement of NADH is believed to be accomplished by
transferring "reducing equivalents" from NADH to a substrate
capable of moving across the inner membrane. Elaborate
metabolic schemes have been devised by which reducing equiv-
alents are ferried from one compartment to another [10, Il]. In
the case of one of these, the malate-aspartate shuttle, studies in
perfused rat kidney have shown that inhibition of this shuttle
reduces substrate oxidation and also tubular sodium reabsorp-
tion [23].
In the remainder of this review, the influence of acid-base
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Fig. 3. The response of ainmonium excretion during development of
chronic metabolic acidosis. Ammonium excretion increases steadily
over a 6-day period as formation of ammonia from glutamine in renal
cortex is stimulated by metabolic acidosis. Redrawn with permission
from [241.
changes on renal mitochondrial transport functions will be
emphasized. In this area current evidence enables close linkage
of physiological phenomena to inner membrane transport.
Considering the multiplicity of mitochondrial carriers and the
critical role in metabolism of movement of substrates back and
forth across the inner membrane, it seems certain that many
more examples of such linkages will be discovered in the future.
Mitochondrial transport and acid-base changes
Adaptation of glutamine transporter in chronic acidosis. The
ability of the kidney to vary the excretion of H Hn response to
changing acid-base states is of fundamental importance in
maintaining hydrogen ion homeostasis. One of the most dramat-
ic responses is the enhanced excretion of NH4 which develops
in chronic metabolic acidosis. Figure 3 shows the development
of this response in a subject given a large chronic acid load [24].
A metabolic acidosis rapidly develops, peaking by day 3, after
which a state of mild, stable acidosis persists. The excretion of
NH44, starting from a normal level of around 40 mEq per day
rises steadily over a 6-day period until it has increased over
fivefold. NH4 excretion then levels off, remaining high as long
as the metabolic acidosis continues. The high rate of NH4
excretion provides the primary mechanism for eliminating the
large H load and is essential for a steady state of acid-base
balance to ensue.
This large increase in NH4 excretion in chronic metabolic
acidosis arises from increased formation of ammonia from
glutamine [25]. Glutamine is delivered to the kidney in the blood
in abundant amounts. Filtered glutamine is normally completely
reabsorbed from the tubular fluid and some is taken up on the
peritubular side of cells of the tubules as well. Under normal
acid-base conditions most of the glutamine reabsorbed from the
lumenal side of the cell is returned to the blood but in humans
and the dog some of the glutamine provides substrate for
ammonia formation. In chronic acidosis the amount of gluta-
mine utilized by the cells increases greatly, accounting for
nearly all of the ammonia produced by the kidney.
To understand the mechanism underlying this sharp increase
in glutamine metabolism in acidosis requires knowledge of the
subcellular events in metabolism of this compound. The initial
enzymatic step in glutamine degradation is accomplished by
phosphate-dependent glutaminase (PDG). Other enzymes in the
kidney can act on glutamine, most notably phosphate-indepen-
dent glutaminase, a form of y-glutamyl transpeptidase, but this
alternate route is generally believed to be of minor importance
in ammoniagenesis [26]. PDG forms glutamate from glutamine,
releasing the amide nitrogen as ammonia. A further molecule of
ammonia can be obtained by deamination of glutamate, a step
which can be accomplished by glutamate dehydrogenase or by
other mechanisms.
PDG is located inside mitochondria, loosely attached to the
inner surface of the inner membrane [27—291. For glutamine
taken up into the proximal tubule cell to form ammonia, it must
first reach glutaminase by crossing the inner mitochondrial
membrane (Fig. 4). As noted in the first section of this paper,
the inner membrane is passively impermeable to most small
molecules, particularly charged ones. Glutamine, which carries
both a positive and a negative charge at physiologic pH, is
unlikely to be able to diffuse passively across the inner mem-
brane by virtue both of its size and of its charged groups.
After crossing the inner membrane and reaching glutaminase,
glutamate is produced. This compound, released into the mito-
chondrial matrix, has three possible fates (Fig. 4). It can be
oxidized to a-ketoglutarate by glutamate dehydrogenase, which
is located in the matrix space and thus has direct access to
glutamate formed by PDG. Or glutamate can be transaminated
to aspartate by intramitochondrial glutamate-oxalacetate trans-
aminase. Finally, glutamate can be transported out of the
matrix by its specific transporters in the inner membrane. These
200-
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Fig. 4. Initial steps in mitochondrial transport and metabolism qf
glutamine. Glutamine is transported across the inner membrane by the
glutamine carrier. PDG, located inside the inner membrane, acts on
glutamine to form NH1 and glutamate. The latter can be converted to a-
ketoglutarate, releasing another molecule of NH1 or transaminated, or
transported out of the matrix on the glutamate transporter.
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Fig. 5. Lineweaver-Burk plot of '4C-glutamate formation from '4C-
glutamine in mitochondria from renal cortex of chronically acidotic or
alkalotic litter-mate dogs. Animals were made acidotic or alkalotic by
feeding NH4C1 or NaHCO3 for 2 weeks. Mitochondria were incubated
as described in [35] with varying concentrations of labeled glutamine.
several different fates of the carbon skeleton add to the com-
plexities of the metabolism of glutamine. They provide a fertile
field for the development of hypotheses concerning sites of
regulation of glutamine metabolism and their role in ammonia-
genesis. Evidence has been obtained for adaptations in acidosis
of enzymes at many steps in glutamine metabolism, including
PDG itself [30, 31], glutamate dehydrogenase [32], phospho-
enolpyruvate carboxykinase [33], the purine nucleotide cycle
[34], and others [26]. The multiplicity of adaptations demon-
strated in acidosis, especially in rat kidney, has resulted in
continuing controversy over the relative role of almost every
step in glutamine metabolism in enhancing ammonia production
in acidosis [26]. It is not the intent here to argue the merits of
the case for adaptations at these many sites, and indeed, the
increase in ammoniagenesis in acidosis may require the coordi-
nated participation of adaptations at many sites. However, it
should be noted that all such steps require that glutamine first
be presented to PDG, that is, glutamine must first cross the
inner mitochondrial membrane.
Given the known characteristics of the inner membrane,
passive diffusion of glutamine across the inner membrane is
unlikely, a prediction confirmed by considerable experimental
evidence. For instance, when mitochondria are incubated in the
cold, formation of glutamate from glutamine by PDG almost
stops [35]. If glutamine were able to enter mitochondria pas-
sively, then under these conditions glutamine would diffuse into
the matrix until its concentration in that compartment equaled
that in the medium. However, at 0°C, glutamine cannot be
detected in the matrix space. Thus, as with similar molecules,
the inner membrane prevents the passive entry of glutamine.
Ideally one would like to study the mitochondrial transport
mechanism for glutamine in isolation from the activity of
glutaminase. However, conditions have not yet been found in
which the action of the transporter can be examined while
glutaminase activity is inhibited. Because of this, the two-step
process of transport and deamidation has been used to obtain
information on the glutamine carrier [35, 36]. By comparing the
properties of the combined transport-enzyme system with those
of isolated PDG, it has been possible to identify certain charac-
teristics of the carrier.
Like other substrate carriers transport of glutamine is in-
creased in dog and rat kidney mitochondria provided with an
energy source. In dog mitochondria the rate of glutamine
transport is affected by the pH and bicarbonate concentration of
the medium so that transport is progressively increased as the
medium becomes more acidotic [37]. The apparent Km of the
glutamine carrier as measured from glutamate formation is 0.4
to 0.6 mi [35], a value which is over an order of magnitude less
than the Km of isolated PDG. Ammonia and glutamate inhibit
the formation of glutamate from glutamine, and phosphate
stimulates it, effects presumably due to the known ability of
these substances to influence glutaminase. Low concentrations
of cs-ketoglutarate inhibit mitochondrial glutamate formation
from glutamine [37, 38]. Since this substrate has little effect on
the activity of extracted PDG, it presumably acts directly on the
carrier. It has been suggested that this inhibitory effect of a-
ketoglutarate is of importance in the regulation of ammoniagen-
esis in vivo [38, 391. The possibility that glutamine outside
mitochondria exchanges for glutamate inside was suggested by
early work using pig kidney mitochondria [40]. However,
subsequent studies have not confirmed this possibility [41, 42].
Studies by others have suggested that, after its transport
across the inner membrane, glutamine can be detected in the
matrix space [43]. However, in contrast to the rapid accumula-
tion of glutamate in the matrix of mitochondria incubated with
glutamine, and despite very careful measurements, we have
been unable to detect any labeled glutamine in the matrix space
of either dog or rat kidney mitochondria [35, 36, 44]. Two
explanations could account for this inability to demonstrate
labeled glutamine inside mitochondria. First, as soon as gluta-
mine enters the matrix it might be rapidly converted to gluta-
mate by PDG, the activity of which is unimpaired under the
conditions of most of our experiments. A second possible
explanation for failure to find glutamine in the matrix is that the
carrier and enzyme are linked in the inner membrane so that
glutamine picked up from the medium is delivered directly to
PDG without release into the matrix. Because of the inability to
demonstrate glutamine in the matrix, it has so far been impossi-
ble to distinguish between these two possible mechanisms for
glutamine transport.
Studies on rat and dog mitochondria have provided evidence
for enhanced transport of glutamine across the inner membrane
in chronic metabolic acidosis. In rat kidney preparations gluta-
mate and ammonia formation from glutamine are stimulated
greatly in mitochondria from acidotic as compared to control
animals [36, 42, 45, 46]. However, in the rat PDG rises in
chronic acidosis. This change makes it difficult to separate
changes in the activity of the transporter from corresponding
ones in enzyme activity. It has also been found in the rat that
glutamate formation from glutamine is enhanced in acidosis at
an early time before PDG levels begin to change [36, 45]. In
contrast to the rat, PDG levels in the dog do not change in
acidosis [47, 48], making this species a particularly useful one in
which to study the chronic adaptations to acid-base changes.
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Fig. 6. Schematic diagram of the adaptation of glutamine transport in
chronic metabolic acidosis. On the left, in control mitochondria, a
limited number of glutamine transport units in the inner membrane
deliver glutamine to PDG attached to the inner surface of the mem-
brane. On the right, in chronic metabolic acidosis, an increased number
of active glutamine transport units develop in the inner membrane.
More glutamine is thus delivered to PDG, the action of which produces
more NH3.
When mitochondria from chronically acidotic or alkalotic litter-
mate dogs were compared in their ability to form glutamate
from glutamine, mitochondria from acidotic animals formed
glutamate at a more rapid rate and had higher intramitochon-
dna! levels of glutamate than preparations from alkalotic ani-
mals [35]. The results of the experiment in Figure 5 enabled us
to compare the kinetics of glutamate formation between mito-
chondria from acidotic and alkalotic dogs. The conditions used
in this experiment were identical to those previously described
[35]: Mitochondria were prepared from renal cortex of chroni-
cally acidotic or alkalotic littermate dogs and incubated with
labeled glutamine; the rate of formation of labeled glutamate
was determined. As shown in the figure, the Km is identical in
the two preparations with a value of about 0.4 ms. In contrast
Vmax is twice as great in acidotic mitochondria. This observa-
tion strongly suggests that enhanced transport of glutamine
across the inner membrane develops in metabolic acidosis.
Figure 6 shows schematically our concept of the adaptation
which occurs in the initial steps of mitochondrial glutamine
metabolism in chronic metabolic acidosis. Under control or
alkalotic conditions, sufficient PDG is present to form ammonia
at a much higher rate than actually occurs in the intact cell;
limitation of delivery of glutamine to the enzyme keeps the rate
of ammonia formation low. When metabolic acidosis develops,
more transport sites appear in the inner membrane, either
because of the synthesis of new carrier molecules or because of
unmasking carriers already present. These carriers then pick up
more glutamine from the cytoplasm and transport it across the
inner membrane to PDG. The action of this enzyme on the
increased substrate available to it results in the marked increase
in ammonia formation which is characteristic of the chronic
acidotic state.
Substrate levels in acute acid base disturbances. In contrast
Fig. 7. Changes in metabolite levels in renal cortex in response to acute
acid-base alterations. Sprague-Dawley rats, weighing 200 to 250 g,
were anesthetized with mactin; catheters were inserted into the rats'
jugular veins for infusion and into the abdominal aorta for blood
sampling. Three animals were studied at a time: one (control) was given
0.15 M NaCl, another received 0.125 M, HCI (ill) and a third 0.25 M
NaHCO3 () i.v. A loading dose of 1 ml of each solution was given
followed by infusion at a rate of 0.4 mI/mm. After 5mm a blood sample
was taken, and a piece of renal cortex was removed, rapidly frozen, and
pulverized in liquid nitrogen. Substrates were measured in quadrupli.
cate in neutralized, perchloric acid extracts using enzymatic fluoromet.
nc assays. Plasma HCO3 was 25.8 0.4 msi in the control group, 20.5
3 mrvi in the HCI-treated group and 37.0 0.9 m in the NaHCO3
group. The results of eight experiments are reported as percent change
(mean SE) in the acidotic or alkalotic animals from the substrate level
in the control animal studied simultaneously.
to the gradual increase in ammoniagenesis described above,
changes in the acid-base state also cause very rapid distur-
bances of metabolism in the kidney. It has been known for
many years that changes occur in renal cortex in levels of citric
acid cycle and related compounds during metabolic acidosis
and alkalosis. Early studies showed a rise in the concentration
of citrate in metabolic alkalosis [49, 50], and a reduction in the
concentration of many substances was noted later to occur in
metabolic acidosis [39, 5 1—57]. Studies have been carried out in
both rat and dog at various time intervals after altering the acid-
base state. Measurements from our laboratory are shown in
Figure 7. Hydrochloric acid or sodium bicarbonate was infused
intravenously into anesthetized rats to induce acute metabolic
acidosis or alkalosis, respectively. Tissue samples were ob-
tained only 5 mm after starting the infusions. Thus, the ob-
served changes occurred almost as rapidly as measurements
could be made after the acid-base state was altered. Compared
to controls, metabolic alkalosis caused a sharp rise in levels of
citric acid cycle compounds, especially citrate and a-ketoglu-
tarate which increased over 50%. Metabolic acidosis, on the
other hand, rapidly reduced the levels of these substrates.
Levels of ATP were unchanged; glutamate and phosphoenol-
pyruvate concentrations were not significantly changed in this
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Fig. 8. Diagrammatic description of postulated changes in substrate
distribution during development of an acute metabolic acidosis. On the
left, in the initial control state, a cytoplasmic pooi of substrate is in
equilibrium across the inner membrane with a smaller intramitochon-
drial pool. In the center, as acidosis develops, an increase in pH causes
an increased rate of anion movement out of the cytoplasm and a
decreased rate of exit from the niitochondria. The resulting rise in
substrate concentration in the matrix causes an increased rate of
removal by metabolism, tending to keep the size of the matrix pool
constant. A new equilibrium state, shown on the right, is eventually
established when the cytoplasmic substrate concentration is sufficiently
diminished to slow anion movement into mitochondria to a rate equal to
that of an exit from the matrix. The figure is used with permission from
[59].
short time period. Similar results have been obtained in many
other studies. However, with one exception [53] these have
been made at later time intervals after initiating a change in the
acid-base state. Glutamate, which is present in very high
concentration in renal cortex, changes more slowly than the
citric acid cycle compounds, but its levels are also decreased
after 30 mm or more of acidosis. Most reports show either a fall
or no change in phosphoenolpyruvate levels in acute acidosis
[39, 52—54], although one group found a sharp increase after 2 to
3 hr [55]. Malate levels are increased after 100 mm of acidosis in
the dog [57] but remain suppressed in the rat. Thus, the duration
of acid-base changes causes some modification in the results of
Figure 7. However, the general pattern of substrate changes
persists, showing increases in tissue levels in metabolic alkalo-
sis and decreases in acidosis even after days of acid-base
imbalance [52, 54, 57].
These acute changes in substrate levels have provoked much
interest among investigators attempting to decipher renal me-
tabolism. Various attempts have been made to explain both the
origin of these changes and their influence on renal metabolism.
Efforts have been made to pinpoint the cause of these changes
at the site of a single enzyme, the activity of which was
postulated to increase in acidosis and decrease in alkalosis [55,
58]. On the basis of the findings in Figure 7it seems more likely,
however, that the underlying alteration is a general one not
localized to a single step in metabolism. In terms of the
influence of these changes on renal metabolism, discussions
have centered around the reduction in glutamate and a-ketoglu-
tarate levels in affecting ammoniagenesis from glutamine [26,
391. Observations relating the time course of these changes in
substrate levels with changes in ammonium excretion are not
yet available to test these speculations.
We have proposed a hypothesis relating the changes in tissue
levels of substrates as shown in Figure 7 to changes in mito-
chondrial pH resulting from the acid-base disturbances [591.
As noted earlier, the magnitude of zpH determines the distribu-
tion of anions between medium and matrix. When isolated
mitochondria are incubated under conditions in which substrate
metabolism is prevented, an increase in pH, that is an increase
in alkalinity within the matrix compared to the medium, causes
an increase in the concentration of anions in the matrix. These
steady state, pH-dependent changes in matrix concentration
can be translated into changes in the rates of bidirectional anion
movement across the inner membrane in response to shifts in
pH. When a rise in pH occurs, the inward flux of an anion
will increase and the flux out of the matrix will decrease. The
rate of anion movement is also concentration dependent. As the
concentration of anion in the matrix increases due to the more
rapid inward flux, the total outward flux will increase. At
equilibrium the inward and outward fluxes will be equal with a
higher anion concentration in the matrix necessary to sustain a
sufficiently rapid outward movement of anion to compensate
for the faster inward movement.
In the intact cell we relate the change in substrate concentra-
tion during acid-base disturbance to zpH in the following
manner (Fig. 8). When a metabolic acidosis is produced in the
systemic circulation, cytoplasmic pH and HCO3 concentra-
tion fall in cells of renal cortex in response to the changes in
these parameters in the blood. The reduction in intracellular pH
and HC03 causes an increase in pH to develop. The in-
creased proton gradient across the inner mitochondrial mem-
brane increases the flux of substrate from the cytoplasm into
the mitochondria and decreases the flux in the opposite direc-
tion. These flux changes begin to expand the intramitochondrial
pool of substrate. However, the rate of substrate metabolism,
which in part is concentration dependent, will increase with
increasing intramitochondrial substrate level, tending to re-
move substrate at a faster rate and keep the intramitochondrial
pool of substrate relatively constant. The cytoplasmic pool, on
the other hand, will decrease in size, and the inward flux will
gradually diminish also as cytoplasmic substrate concentration
falls. Eventually a new equilibrium will be established in which
inward and outward fluxes are again equal; the cytoplasmic
pooi is decreased and the mitochondrial pool is about the same
size as it was before the acid-base change occurred. It is
important to recognize the difference between this concept of in
vivo events and the conditions used in studies of isolated
mitochondria. In the latter the concentration of substrate in the
medium is kept constant and the amount in the matrix varies; in
our proposal, mitochondrial metabolism keeps the substrate
level in the matrix relatively constant, while the cytoplasmic
pool adjusts in size in response to changing flux rates across the
inner membrane.
We believe that this hypothesis can adequately account for
the effects of acute acid-base changes on substrate levels in
renal cortex shown in Figure 7. For this hypothesis to be
tenable, three basic conditions concerning cytoplasmic-mito-
chondrial relationships must hold true: (1) Changes in the
cytoplasmic acid-base state must cause appropriate shifts in
pH; (2) substrate fluxes across the inner membrane must
respond to changes in pH; (3) for a large effect on total tissue
concentration of a substrate to occur, most of the total substrate
pool must be cytoplasmic in location. The evidence currently
available on each of these requirements is reviewed below.
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To determine whether changes in the intracellular acid-base
state can influence pH under conditions present in intact cells,
it is necessary to know the magnitude of changes in pH
produced in isolated mitochondria over a range of pH and
HCO3 values comparable to those likely to occur in vivo.
Despite the considerable interest in the measurement of pH
generated by the chemiosmotic hypothesis, until recently
few measurements in mitochondria have been made using
bicarbonate-buffered media [60, 61]. Results are now available
on the effect of varying pH and HC03 on zpH in rabbit kidney
mitochondria [62]. As the medium becomes more acidotic with
decreasing pH and HC03, there is a steady rise in pH. With
5% CO2 in the gas phase, pH at 40 mtvt HC03 is about 0.3; at
10 mM HCO it is around 0.6. Thus, pH doubles when
HCO3 falls from 40 to 10, a range of change which may well he
duplicated in intact cells during a shift from metabolic alkalosis
to acidosis. On the basis of these findings, it is reasonable to
believe that changes in intracellular pH and HCO3 during
systemic acid-base disturbances will result in significant
changes in pH causing the gradient to increase in acidosis and
decrease in alkalosis.
Evidence also exists for the validity of the requirement that
changes in pH cause changes in substrate fluxes across the
inner membrane. Mitochondria incubated with low (10 mM) or
high (40 mM) HCO3 show large differences in steady state
substrate concentrations in the matrix [59, 63]. This effect of
changes in medium pH and HCO1 applies to a wide range of
weak acid anions, both those with inner membrane carriers and
those able to move passively across this barrier. Each anion
carrier is sensitive to changes in pH so that an increase in this
gradient markedly stimulates the rate of substrate transport.
Thus, changes in pH which occur with alterations in pH and
HC03 in the medium are accompanied by variations in mito-
chondrial substrate transport compatible with the observed
changes in substrate concentration in the intact kidney which
result from acid-base disturbances.
The total substrate measured in intact renal cortex represents
the sum of that present in the cytoplasm and that in the
mitochondrial compartment. The third requirement for iXpH to
regulate substrate concentrations in intact kidney in the manner
we have proposed is that most of the substrate present in renal
cortex must be cytoplasmic in location. Only very preliminary
evidence exists as yet on (his requirement in the kidney. One
report does show that most of the a-ketoglutarate present in
isolated renal tubules is in the cytoplasm and that this amount
increases in high HCO3 medium [64]. More information is
available on mitochondrial-cytoplasmic distribution of sub-
strates in the liver. Studies on both isolated hepatocytes [651
and on perfused liver [66] have shown that the bulk of most
substrates resides in the cytoplasm. If such a distribution also
applies to renal cortex, then the conditions necessary to fulfill
our hypothesis will be established.
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